Background: Acute ischemic stroke caused by internal carotid artery (ICA) occlusion usually has a poor prognosis, especially the T occlusion cases without functional collaterals. The efficacy of intravenous (IV) or intra-arterial (IA) thrombolysis with recombinant tissue plasminogen activator (rt-PA) remains ambiguous in these patients. Eendovascular recanalization of the occluded carotid has been attempted in recent years as a potential strategy. However, the different etiologies of ICA occlusion pose a significant challenge to neurointerventionists. Recently, several endovascular evolvements have been reported in treating carotid occlusionrelated stroke. This review summarizes the current status of treatment for acute ICA occlusion.
limited delivery of recombinant tissue plasminogen activator (rt-PA) to the intracranial occlusion may explain the poor prognosis [3, 4] . Recently, five published randomized clinical trials have demonstrated the safety and effectiveness of endovascular treatment for anterior intracranial proximal artery occlusion, and the proportion of patients with acute ICA occlusion accounted for up to 20% of the patients in these trials [5] [6] [7] [8] [9] .
Although there is no randomized controlled trial comparing endovascular treatment with medical therapy in patients with acute ICA occlusion, successful revascularization of acute ICA occlusion by endovascular treatment and acceptable clinical outcome were reported by a number of case series [10] [11] [12] . Several endovascular approaches have been described in current literatures, including IA thrombolysis (IAT), microwire clot disruption, angioplasty, thromboaspiration, stenting and thrombectomy with stent retrievers [13] . One systematic review suggests that the mechanical treatment, particularly emergency stenting in extracranial occlusions, results in better recanalization, higher favorable outcome rates and lower death rates than IAT in patients with acute ICA occlusion [14] .
IV Thrombolysis
After several carefully designed randomized controlled trials, IV rt-PA has been established as the first-line treatment for AIS, and an increasing number of cases were treated by rt-PA around the world. However, the reported recanalization rates were unsatisfactorily low (only 10-15%) after IV thrombolysis in the setting of acute ICA occlusion even among patients having been treated within 3 h of stroke onset [15] . Previous studies reported their results of patients with acute ICA occlusion as detailed below. The Echoplanar Imaging Thrombolytic Evaluation Trial (EPITHET; table 1 ) was the only randomized trial comparing the effect of IV rt-PA with placebo 3-6 h after onset using serial echoplanar magnetic resonance (MR) imaging. Patients with ICA obstruction did not achieve good clinical outcome [modified Rankin Scale (mRS) score, 0-2 at 3 months; rt-PA 0% vs. placebo 23%; p = 0.257]. However, the IV rt-PA group had much worse outcomes compared to the placebo group [mRS score 5-6; rt-PA88 vs. 38%; adjusted odds ratio (OR), 11.2; 95% confidence interval (CI), 1.1-120.4; p = 0.04]. However, the relatively small sample size (only 22 patients with ICA occlusion) may not reflect practice and outcomes in the real world [16] . The Internal Carotid ARtery Occlusion study (ICARO) was a case-control multicenter study including 253 cases and 253 controls [17] ( table 1 ) . Patients with acute ICA occlusion treated with IV rt-PA within 4.5 h from symptom onset (cases) were compared to the group (controls) not treated with rt-PA because symptom onset was either between 4.5 and 12 h, earlier or uncertain. The favorable outcome (mRS score 0-2) was higher in cases (28.9%) than in controls (20.6%), but an increase in mortality (25.7 vs. 15 .4%, p = 0.001) and intracranial bleeding (2.8 vs. 0.4%, p = 0.068) was the trade-off for this benefit. The increased death rates associated with thrombolytic treatment have been attributed to several factors. First, patients with ICA occlusion generally have a large infarcted territory surrounded by a large edema, which may deteriorate by thrombolytic treatment. Second, edema formation and enlarged developing infarcts may be exacerbated by force reperfusion of the irreversibly damaged tissue.
Meanwhile, the ICARO-2 study [18] , for which data were collected in the SITS-ISTR, found that mortality was 2-fold higher in patients with extracranial ICA (eICA) occlusion compared to patients without eICA occlusion, even when both of them were treated with IV rt-PA within 4.5 h ( table 1 ) . Furthermore, more than 70% of the patients with carotid occlusion had a mRS score >3 at 90 days. The higher mortality seems to be due to the intrinsic pathophysiology of carotid occlusion because patients with eICA occlusion had a more severe stroke compared to patients without eICA occlusion (mean NIHSS score of 15 on admission compared to 12).
Several factors may influence the outcomes of IV rt-PA treatment among patients with ICA occlusion. First, experimental studies have shown that effective delivery and distribution of thrombotic drug into the clot may accelerate fibrinolysis because the fibrinolysis rate depends on the pressure gradient to which the clot is exposed [19] . Acute ICA occlusion leads to a regional decrease in cerebral perfusion pressure, which may not only hamper middle cerebral artery (MCA) clot dissolution but also cause hemodynamic instability, increasing the probability of rethrombosis after incomplete recanalization [20] . Second, in acute ICA occlusion of the tandem distal occlusion type, the presence of an ipsilateral MCA occlusion is generally caused by artery-to-artery embolism, with a platelet-rich, lytic-resistant clot proceeding from the carotid plaque. Platelet-rich clots have been shown to have a poorer propensity for lysis with rt-PA compared to fibrin-rich clots [21] . Third, because of the high clot burden and poor collateral circulation, functional ICA-T [extra-and/or intracranial occlusion of the ICA extended into both the anterior cerebral artery (ACA) A1 and MCA M1] occlusions show poor response to IV thrombolysis [22] . These data suggest that patients with ICA obstruction may be potential candidates for trials using other reperfusion strategies, such as IAT or thrombectomy assisted by carotid stenting.
IA Therapy
With the advancement in stent retrievers, the recanalization rates in patients with ICA occlusion are increasing. It is foreseeable that endovascular therapy will be recommended in future guidelines [23, 24] . However, the proportion of patients with acute carotid occlusion concurs between 13 and 44.1% in five positive randomized controlled trials [5] [6] [7] [8] [9] . Up to date, multiple nonrandomized case series reported different results with regard to outcomes and complication in IA therapy for acute ICA occlusion [10] [11] [12] . In 2002, Zaidat et al. [4] reported a small case series of 18 patients with acute occlusion of the distal ICA ('T' occlusion) who presented within 6 h after symptom onset and were treated by IA or IV/IA therapy. Complete recanalization (62 vs. 80.0%, p = n.s.) and favorable outcome (mRS score 0-1) at 3 months (15.4 vs. 40.0%, p = n.s.) did not reach significant difference between the two groups. However, the total mortality rate was 50% higher in the whole group (9/18; including IA and IV/IA therapy), even half of the patients.
ICARO-3 was also a case-control multicenter study including 324 cases and 324 controls [25] ( table 1 ) . Patients with acute ICA occlusion treated with endovascular treatment within 6 h from symptom onset (cases) were compared to the group treated with IV rt-PA within 4.5 h (controls). Hundred and five cases (32.4%) had a good outcome (mRS score 0-2) as compared to 89 controls (27.4%; OR 1.25, 95% CI 0.88-1.79, p = 0.1). The rates of patients with severe disability or death (mRS score 5-6) were similar in cases and controls (30.5 vs.
32.4%, p = 0.67). ICARO-3 failed to show the superiority of endovascular treatment in acute ICA occlusion compared to IV rt-PA treatment. However, an interesting additional analysis found a potential benefit of IA treatment alone compared to IV rt-PA (mRS score 0-2, 35.3 vs. 27.4%, OR 1.75, 95% CI 1.00-3.03, p = 0.05) when excluding the patients treated with bridge therapy (combination of IV thrombolysis and IA procedures). The main limitation of this large study was that the stroke-workflow efficiencies were lower than in the positive studies (MR CLEAN, EXTEND IA, ESCAPE, SWIFT PRIME and REVASCAT). The median treatment time from stroke onset to IV rt-PA was 154 min, for the IA procedure it was 240 min and for the bridge therapy it was 155 min. All of these were longer than those in the positive studies [5] [6] [7] [8] [9] . Second, outcomes with rapid reperfusion are limited by long procedure times. The solitaire flow restoration thrombectomy devices allow for rapid complete recanalization rates in the occlusion of the anterior intracranial proximal artery with better outcomes [26] . However, the ICARO-3 study did not investigate the effect of a specific device. The heterogeneity of the old techniques may change the outcomes of endovascular therapy. Third, noninvasive computed tomography (CT, only 34.9%) or MR angiography (14.5%) to confirm the status of a target vessel occlusion was not commonly used in the control group. The site of arterial occlusion predicts the response to IV thrombolysis for stroke [22] . Thus, the results of the ICARO-3 study are outdated and should be interpreted with caution in the modern era.
Half of all patients presenting with acute occlusion of the eICA may have comorbid MCA occlusion, as approximately 25% of the patients with MCA occlusion have concomitant ICA occlusion. This type of occlusion was defined as tandem occlusion. The natural history of this lesion often leads to high morbidity and mortality in 20% of the patients [27] . Dababneh et al. [28] were the first to describe the utilization of the combined approach of IV rt-PA followed by ICA balloon angioplasty and MCA mechanical thrombectomy in 2 cases ( table 2 ) . Successful recanalization and favorable outcome were achieved in both cases. Papanagiotou et al. [29] reported their experiences with emergency carotid stent placement and intracranial thrombectomy procedures in 22 case series and used both stent retriever devices (Solitaire) and aspiration catheter systems (Penumbra; table 2 ). Successful revascularization was achieved in 21 patients (95%) with acute stent implantation in the eICA. The solitaire system achieved successful intracranial recanalization (100%) in 9 intracranial tandem occlusion cases, and 4 of 9 (44%) patients had favorable outcomes.
Kappelhof et al. [14] were the first to review the IA treatment of AIS due to ICA occlusion and the difference between IA treatment modalities and occlusion. Successful recanalization rates were achieved in 55% of the patients with an intracranial ICA occlusion and in 71% of the patients with an occlusion of the eICA. Compared with IAT, carotid stenting and mechanical thrombectomy are associated with significantly higher recanalization rates and favorable outcome in patients with AIS due to an extracranial and/or intracranial ICA occlusion. A possible explanation could be that most extracranial occlusions were related to severe atherosclerotic stenosis or dissection; greater and faster flow restoration to improve distal perfusion and deliver endogenous fibrinolytics may have resulted from carotid stenting compared to IAT. Another explanation is that an occlusion of the intracranial ICA is often associated with a larger clot; successful recanalization is more likely to be achieved in mechanical thrombectomy than in IAT.
Recently, several case series reported the efficacy and safety of emergency ICA stent placement followed by anterior circulation thrombectomy [10] [11] [12] [30] [31] [32] . Despite the lack of direct comparative studies, the overall rate of successful reperfusion results [treatment in cerebral infarction (TICI) score ≥ 2b] ranged from 63 to 79% in these studies, which was similar to the rates reported in the recent stent-retriever trials in patients with isolated intracranial occlusions (modified TICI score ≥ 2b of 72.4% in ESCAPE, 88% in SWIFT PRIME).
Paradoxically, the high rate of reperfusion did not correlate with the expected clinical outcome (mRS score 0-2; 41.3 vs. 53.0% in ESCAPE, 60% in SWIFT PRIME), and mortality was higher (18.9 vs. 9%, 9%) ( table 2 ).
Possible Factors Influencing the Outcomes of Stroke from Carotid Occlusion
First, the clinical reality of ICA occlusion types is more complex. In the study by Fischer et al. [33] , the classification of occlusion sites was divided into three groups: (a) ICA plus branch occlusion: ICA occlusion (extra-or intracranial) without occlusion of the main stem of the MCA (M1 or M2) or anterior cerebral artery (ACA; A1 or A2); (b) tandem occlusion: ICA occlusion (extra-or intracranial) combined with occlusion of either the MCA (M1 or M2) or ACA (A1 or A2), and (c) functional ICA T occlusion: extra-and/or intracranial occlusion of the ICA, extending into both the ACA A1 and MCA M1. It may exhibit huge clots and impaired collateral circulation. Furthermore, there is another occlusion type called pseudo-occlusion, which was defined as high-grade ICA stenosis with a severely reduced blood flow. Tandem occlusion involves the complexity of stroke mechanisms. Some cases are caused by a focal thrombus at the site of the intracranial occlusion. Others are caused by extracranial occlusions. Second, the underlying etiologies of ICA occlusion are too complicated to make an accurate judgment of the lesion pattern such as atherosclerosis, thromboembolic or artery dissection [34] . Third, the original size of the clots is usually larger in ICA than that of those ending up in the MCA. The clots that lodge in the ICA show greater stiffness compared to those that can pass farther to the MCA [16] . Fourth, the reason for a potentially increased risk of symptomatic intracranial hemorrhage (sICH) are (a) the flow dynamics and large infarction always present due to the large vessel occlusion, and (b) the antiplatelet medication used to prevent in-stent thrombosis, particularly following systemic thrombolysis [30] . The four points described above may challenge recanalization of the target artery. Outcomes are limited by long procedure times. Optimal strategies of endovascular therapy for patients with acute ICA occlusion are still being elucidated. One of the most challenging technical steps is catheterization of the true lumen of the occluded ICA. Up to now, two different approaches (the antegrade and retrograde approaches), which vary in the order for the ICA stenting step, have been described in several studies. The antegrade approach (proximal ICA stenting followed by intracranial stent-based thrombectomy), which focuses first on the proximal occlusion, decreases the risk of distal embolization and reocclusion. However, it may delay cerebral reperfusion because of postponing the critical distal thrombectomy step. Cohen et al. [11] reported the largest case series on this endovascular method, with successful reperfusion (TICI ≥ 2b) achieved in 79% of the 24 patients and favorable outcome (mRS score 0-2) achieved in 76%. The retrograde approach (proximal balloon angioplasty, then intracranial stent-based thrombectomy followed by proximal ICA stenting), with direct access to the distal occlusion through the occluded cervical carotid, might have the primary advantage of reducing cerebral ischemic time in the territory [34] . The main concern is the risk of causing further injury to the carotid by devices moving, particularly if there is an unrecognized underlying dissection. The risk of reocclusion caused by untreated proximal carotid lesions even after initially successful mechanical thrombectomy should also be kept in mind. Cohen et al. [11] support the antegrade approach, as most acutely occlusive lesions of ICA represent atherosclerotic stenosis with impeded fresh soft thrombus being relatively easy to pass by microguidewire, limited resistance to preangioplasty, and should be used for a tightly meshed stent in order to adequately jail the friable plaque/clot. Gao et al. [35] also postulated that the restoration of proximal ICA flow would first augment antegrade perfusion pressure and collateral flow to facilitate intracranial recanalization. Nevertheless, either treatment may involve stent implement and require antiplatelet medication to prevent thrombosis. This approach may increase the risk of sICH, particularly following systemic thrombolysis.
Woodward et al. [36] reported a series of 7 patients with carotid stenosis of 65-100% and tandem MCA occlusions ( table 2 ). They treated these cases with a novel modified Dotter technique, which is accomplished by crossing and dilating the ICA stenosis sequentially with a 6-Fr diagnostic catheter over a glidewire followed by advancement of a 6-Fr shuttle sheath across the stenosis. This technique may eliminate the need for immediate antiplatelet therapy, embolic protection devices, balloons and stents in most patients. It also facilitates short revascularization times, with an average time to TICI 2b-3 recanalization of 27 min, which were achieved in all patients. The mean ICA stenosis was 88% before the procedure and 61% postoperatively. There were no cases with sICH. An mRS score of 0 was achieved in 6 of 7 (86%) patients, and 1 patient died. These encouraging preliminary results need more confirmation from further experience and prospective randomized studies.
Some studies proposed that the primary cause of symptoms and outcome are mainly due to thrombus in the MCA other than ICA occlusion, because thrombus in the MCA may lead to occlusion of the orifices of the lenticulostriate arteries which are functional arteries without collateral [37] . Therefore, the condition of the lenticulostriate arteries and the recanalization time are critical for clinical outcome. Considering the time required, the risk of dissection and perforation by blind probing in an occluded vessel, dislodgement of thrombus and hyperperfusion syndrome for traversing the occluded cervical ICA to treat the MCA clot, Ozdemir et al. [38] reported 8 patients with tandem occlusion treated with microcathether navigation and IAT using collateral pathways including the anterior and/or posterior communicating arteries ( table 2 ) . The average time to thrombolysis in myocardial infarction 2-3 recanalization of 48 ± 18 min was achieved in 6 out of 8 (75%) patients. There were no complications caused by IAT through the collateral intact pathways. The favorable (mRS score ≤ 2 or more) was achieved in all patients. However, the risk of dissection and embolization by advancing a microguidewire through the circle of Willis collaterals is a big concern. The absence of intact collateral pathways (PcomA and AcomA arteries) is the key for this technique. Hence, preprocedural evaluation of collateral pathways by computed tomographic angiography or magnetic resonance angiograhy may guide us to choose the most appropriate endovascular approach for patients.
Early reperfusion in a patient with a favorable penumbral pattern is also critical to achieve a favorable outcome in AIS. The early perfusion imaging-based analysis (including CT perfusion, MR perfusion or single-photon emission CT) might help to select optimal patients and classify the type of stroke mechanism as a focal or entire cause.
However, perfusion imaging-based analyses are not widely used at interventional stroke centers due to their limited facilities and the concern that the time to reperfusion will be extended [39] .
Conclusion
Despite the complex classification of occlusion sites, different underlying etiologies, huge clot burden and high risk of sICH, endovascular treatment of acute ICA occlusion seems to be effective and safe. Intervention must be encouraged. Previous studies offer no final recommendations about the technical procedure, interventional stroke center remains challenging and tailor the treatment to individual patient needs. In a word, the best approach might depend on the type of vessel occlusion, and the time to treatment should be as short as possible.
